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INTRODUCTION** 
I n  1981 a workshop was h e l d  i n  V i r g i n i a  Beach, VA, t o  assess t h e  r o l e  t h a t  
p a s s i v e  remote sensing might p l a y  i n  t r o p o s p h e r i c  chemistry.  
o f  t h a t  workshop a r e  p e r t i n e n t  t o  t h i s  workshop, they  w i l l  be summarized, and some 
data  t h a t  have become a v a i l a b l e  s i n c e  t h a t  t i m e  w i l l  be presented. 
p o s s i b l e  pass ive remote sensing techniques a r e  summarized. Note t h a t  t h e  techn iques  
a r e  s p l i t  i n t o  two v iewing geometr ies- - l imb v iewing  and n a d i r  v iewing. 
ins t rument  requirements and c a p a b i l i t i e s  a r e  q u i t e  d i f f e r e n t  f o r  t h e  two geometries, 
t h e  ins t rument  d iscuss ion was i n i t i a l l y  s p l i t  accord ing  t o  t h e  v iewing  geometry. It 
was f u r t h e r  s p l i t  as shown i n  t h e  f i g u r e  i n t o  rad iomet ry  and spectrometry.  These 
c a t e g o r i e s  were f u r t h e r  subd iv ided accord ing  t o  ins t rument  type.  
Because t h e  conc lus ions  
I n  f i g u r e  1 t h e  
S ince  t h e  
The main advantage o f  l i m b  v iewing  i s  t h e  narrow w e i g h t i n g  f u n c t i o n  ( h i g h -  
a l t i t u d e  r e s o l u t i o n )  and enhanced s e n s i t i v i t y  due t o  t h e  l o n g  atmospher ic path.  The 
major  disadvantage i s  t h e  l a c k  o f  h o r i z o n t a l  s p a t i a l  r e s o l u t i o n  and, f o r  t r o p o s p h e r i c  
measurements, the p r o b a b i l i t y  t h a t  c louds i n  t h e  f i e l d  o f  view w i l l  l i m i t  t h e  amount 
o f  da ta  obtained. The geometry o f  t h e  two paths and t h e  p r o b a b i l i t y  o f  o b t a i n i n g  
t r o p o s p h e r i c  data a re  shown i n  f i g u r e s  2 and 3. Table I V  shows t h e  assessment made 
a t  t h e  workshop o f  t h e  p o t e n t i a l  o f  t h e  var ious  sensors f o r  long- te rm measurements. 
The measurement requirements p laced on t h e  sensors a t  t h i s  workshop were f a i r l y  
s t r i n g e n t  as t o  the s p a t i a l  coverage des i red .  Based on t h i s  requirement,  l i m b  view- 
i n g  as a p o s s i b l e  measurement techn ique was r u l e d  ou t  and emphasis was p laced on 
n a d i r  v iewing. The var ious  nadi  r - v i e w i n g  techniques were compared. 
t h i s  comparison are g iven i n  t a b l e  V. Note t h a t  t h i s  t a b l e  i s  based on t h e  con- 
s t r a i n t  o f  a narrow ins t rument  f i e l d  o f  view and an assoc ia ted  r a p i d  d e t e c t o r  
response. 
techniques and a lso t h e  t e c h n o l o g i c a l  t h r u s t s  needed f o r  t h e  ins t rument  t o  meet t h e  
perce ived measurement r e q u i  rements. 
The r e s u l t s  o f  
The t a b l e  g ives  t h e  advantages and disadvantages o f  t h e  var ious  sensing 
I n  rev iewing  these conclus ions,  one f i n d s  t h a t  severa l  t h i n g s  have occurred 
d u r i n g  t h e  i n t e r v e n i n g  p e r i o d  which s i g n i f i c a n t l y  change some o f  t h e  conclus ions.  
The f i r s t  i s  t h e  r e a l i z a t i o n  t h a t  t h e  s o l a r  o c c u l t a t i o n  techn ique w i l l  y i e l d  da ta  on 
t h e  upper t ropospher ic  d i s t r i b u t i o n  o f  severa l  c o n s t i t u e n t s  o f  i n t e r e s t  i n  t r o p o -  
s p h e r i c  chemistry.  The measurements ob ta ined by t h e  SAGE I 1  s a t e l l i t e  ( p a r t i c u l a r l y  
on upper t ropospher ic  water vapor)  show t h a t  t h e  da ta  a r e  ob ta ined on t h e  t r o p o -  
s p h e r i c  d i s t r i b u t i o n  o f t e n  enough t o  g i v e  s u f f i c i e n t  g l o b a l  coverage t o  be o f  i n t e r -  
e s t  i n  t ropospher ic  chemist ry .  The recent  r e s u l t s  (Park e t  a l . ,  1986) ob ta ined by 
ATMOS, w h i l e  a much s m a l l e r  geographic da ta  s e t ,  s t i l l  demonstrated t h a t  d a t a  a re  
ob ta ined on t h e  upper t roposphere o f t e n  enough t o  war ran t  use o f  such measurement 
techniques f o r  t ropospher ic  chemist ry .  When one agrees t h a t  l imb-v iewing  geometry 
*Prepared panel repor t .  
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can be used f o r  t r o p o s p h e r i c  measurement , then t h e  ins t rument  requirements change, 
p a r t i c u l a r l y  t h e  s p e c t r a l  r e s o l u t i o n  which i s  r e q u i r e d  f o r  t h e  survey- type i n s t r u -  
ment. Recent r e s u l t s  (Murcray e t  a l . ,  1985) ob ta ined w i t h  ba l loon-borne ins t ruments  
a l s o  i l l u s t r a t e  t h e  p o i n t .  Thus i n  f i g u r e  4, which shows severa l  s p e c t r a  ob ta ined 
d u r i n g  sunset f rom b a l l o o n  a l t i t u d e ,  i t  i s  apparant t h a t  r e s o l u t i o n  o f  4 .02  cm'l i s  
r e q u i r e d  t o  separate t h e  s p e c t r a l  f e a t u r e  due t o  F-22 f rom t h e  i n t e r f e r i n g  a b s o r p t i o n  
due t o  o t h e r  compounds. Data concern ing t h e  s p e c t r a l  emiss ion f rom t h e  E a r t h ' s  l i m b  
and a l s o  i n  t h e  n a d i r - v i e w i n g  mode have been ob ta ined r e c e n t l y  by two groups (Univer-  
s i t y  o f  Denver and Goddard Space F l i g h t  Center, Murcray e t  a l . ,  1983; Murcray, 1984; 
Goldman e t  a1 ., 1984; and Kunde e t  a1 ., 1985). A p o r t i o n  o f  a l i m b  scan ob ta ined by 
t h e  U n i v e r s i t y  o f  Denver group i s  shown i n  f i g u r e  5. T h i s  shows t h e  s t r o n g  emiss ion 
due t o  F-12 i n  t h e  lower  s t r a t o s p h e r e  under t h i s  v iewing  geometry. F i g u r e  6 shows 
t h i s  s p e c t r a l  r e g i o n  under n a d i r  v iewing. Note t h a t  a l though t h e  f e a t u r e  i s  much 
l e s s  prominent,  t h e  a b s o r p t i o n  due t o  F-12 i s  c l e a r l y  i d e n t i f i a b l e  i n  t h e  spect ra.  
Again, r e s o l u t i o n  b e t t e r  than 0.1 cm'l i s  needed t o  separate s p e c t r a l  f e a t u r e s  f rom 
i n t e r f e r e n c e s .  These s p e c t r a  a l s o  show the need f o r  h i g h - r e s o l u t i o n  s p e c t r a l  survey 
da ta  t o  be o b t a i n e d  d u r i n g  e a r l y  s a t e l l i t e  miss ions  i n  o r d e r  t o  f u l l y  understand t h e  
d a t a  ob ta ined by species s p e c i f i c  instruments.  
SOME SPECTROMETRI c TECHNIQUES~ 
Spect roscop ic  techniques a r e  d e f i n e d  here as those methods which record  a con- 
t i n u o u s  p o r t i o n  o f  t h e  e m i t t e d  o r  t r a n s m i t t e d  spectrum c o n t a i n i n g  s p e c t r a l  f e a t u r e s  
o f  a number o f  t r o p o s p h e r i c  gases o f  i n t e r e s t ;  thus,  t h e  d i s t i n c t i o n  i s  made between 
" s p e c i e s - s p e c i f i c "  and "survey"  instruments.  Whi le t h i s  c l a s s i f i c a t i o n  may appear t o  
be a r b i t r a r y  f rom some p o i n t s  o f  view, i t s  purpose becomes c l e a r e r  i n  t h e  contex t  o f  
t h e  e v o l u t i o n  o f  remote sensing techniques, i n  which a d e t a i l e d  knowledge o f  t h e  
a b s o r p t i o n  o r  emission spectrum i s  an e s s e n t i a l  p r e c u r s o r  t o  t h e  des ign o f  a species- 
spec i  f i c i nstrument . The spec t roscop ic  inst ruments o f  i n t e r e s t  here  i n c l  ude G r a t i n g  
spectrometers,  F o u r i e r  Transform spectrometers (usual  l y  Miche l  son i n t e r f e r o m e t e r s )  , 
and scanned Fabry-Perot  i n t e r f e r o m e t e r s .  
Once t h e  molecu la r  c o n s t i t u e n t s  and the a n c i l l a r y  p h y s i c a l  parameters t o  be 
measured have been c l e a r l y  def ined,  together  w i t h  t h e i r  r e q u i r e d  s p a t i a l  and temporal  
coverage, t h e r e  i s  a s t r o n g  m o t i v a t i o n  t o  develop methods which a r e  op t im ized ( i n  
terms o f  t h e  assoc ia ted  data r a t e s )  f o r  these s p e c i f i c  measurements. I n  general  , 
spect roscop ic  techniques a r e  n o t  economic i n  t h e i r  use o f  da ta  t ransmiss ion  and s t o r -  
age systems when they  a r e  used t o  moni tor  s i n g l e  c o n s t i t u e n t s  o r  p h y s i c a l  parameters. 
T h e i r  g r e a t e s t  va lue  i s  i n  t h e  e a r l y  development phase o f  t h e  program when t h e  
d e t a i l e d  s p e c t r a l  environment ( i  .e. , l o c a l  continuum c h a r a c t e r i s t i c s ,  i n t e r f e r e n c e  
f rom o t h e r  minor  o r  t r a c e  c o n s t i t u e n t s ,  etc.) must be understood i n  o r d e r  t h a t  t h e  
des ign o f  a speci  es-speci f i c  ins t rument  and i t s  da ta  a n a l y s i s  procedures can be 
worked o u t  c o r r e c t l y  and w i t h  adequate understanding o f  t h e  d e t a i l s  o f  t h e  r a d i a t i v e  
t r a n s f e r  i n  t h e  chosen s p e c t r a l  reg ion.  
A q u e s t i o n  which a r i s e s  i n  assessing t h e  r o l e  o f  spec t roscop ic  methods i n  remote 
sensing i n v o l v e s  c o n s i d e r a t i o n  o f  t h e  modes o f  observa t ion  (i.e., l i m b  versus n a d i r  
v iewing,  and emiss ion versus absorp t ion  measurements) and t h e  r e l a t i v e  m e r i t s  o f  t h e  
tPrepared by C. B. Farmer. 
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a v a i l a b l e  ins t rumenta l  techniques (e.g. , i n t e r f e r o m e t e r s  versus g r a t i n g  spectrom- 
e t e r s ) .  A complete d i s c u s s i o n  of t h e  a p p l i c a b i l i t y  o f  these o p t i o n s  i s  beyond t h e  
scope o f  t h i s  document; as might  be expected, however, each combinat ion of ins t rument  
and observ ing  technique has i t s  own range o f  c o n d i t i o n s  over  which i t  has s u p e r i o r  
performance. 
v iewing,  s o l a r  o c c u l t a t i o n  mode and a r e  thus  l i m i t e d  t o  l o c a l  s u n r i s e  and sunset 
t imes;  a g a i n s t  t h i s  they  are  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  atmospher ic temperature 
a long t h e  l i n e  o f  s i g h t  and a r e  capable o f  h i g h  q u a n t i t a t i v e  accuracy. Emission 
measurements can be made e i t h e r  v iewing  t h e  atmosphere c l o s e  t o  t h e  l i m b  t o  g a i n  t h e  
s e n s i t i v i t y  advantage of t h e  l o n g  atmospher ic paths g iven by t h i s  geometry, or down- 
l o o k i n g  (near-nadi r  v iewing)  t o  o b t a i n  b e t t e r  s p a t i a l  r e s o l u t i o n .  Measurements made 
i n  emiss ion a r e  more prone t o  e r r o r s  assoc ia ted  w i t h  u n c e r t a i n t i e s  i n  t h e  knowledge 
o f  t h e  atmospheric temperature a long t h e  l i n e  o f  s i g h t .  L imb-viewing observa t ions  
( i n  b o t h  emission and a b s o r p t i o n )  a r e  capable o f  b e t t e r  v e r t i c a l  r e s o l u t i o n  (a2 km) 
than a r e  n a d i r  observat ions (on t h e  o r d e r  o f  one pressure  s c a l e  h e i g h t ) ;  by c o n t r a s t ,  
t h e  h o r i z o n t a l  sampling dimension f o r  l i m b  observa t ions  i s  t y p i c a l l y  200 t o  300 km, 
whereas n a d i r  observat ions can be made i n  some circumstances w i t h  h o r i z o n t a l  sca les  
on t h e  o r d e r  o f  10 km. 
I n  general ,  absorp t ion  measurements can o n l y  be made i n  t h e  l imb-  
Recent ly ,  several  remote sensing spec t roscop ic  techniques have been used suc- 
c e s s f u l l y  t o  f u l l y  record  t h e  composi t ion o f  t h e  t roposphere f rom space, u s i n g  p r i n -  
c i p a l l y  l imb-v iewing methods (e.g. , SAGE and ATMOS); t h e  r e s u l t s  have demonstrated 
t h e  a b i l i t y  t o  make r e l i a b l e  q u a n t i t a t i v e  de terminat ions  of t h e  v e r t i c a l  d i s t r i b u -  
t i o n s  o f  bo th  minor and t r a c e  c o n s t i t u e n t s .  
measurements o f  H20 vapor, CH4, N20, halogen source species (CFMS, CCl4, etc.)  and 
aerosols .  
a b s o r p t i o n  mode; f i g u r e  7 i l l u s t r a t e s ,  i n  b a r  graph form, t h e  l a r g e  number o f  d i f f e r -  
e n t  mo lecu la r  species seen i n  t h e  ATMOS data  and t h e  a l t i t u d e  ranges over  which t h e i r  
c o n c e n t r a t i o n  p r o f i l e s  can be measured. F i g u r e  8 shows an example o f  t h e  da ta  f o r  a 
s p e c t r a l  r e g i o n  which i n c l u d e s  an unresolved band o f  CFC13 (Freon 11). 
Whi le  t h e  usefulness o f  l imb-v iewing  measurements i s  l i m i t e d  by t h e  presence o f  
t r o p o s p h e r i c  clouds, t h e  exper ience gained thus  f a r  suggests t h a t  measurements i n  t h e  
upper t roposphere ( i  .e., a t  a l t i t u d e s  above 5 km) a r e  f r e q u e n t l y  p o s s i b l e ,  e s p e c i a l l y  
a t  m i d - l a t i t u d e s ,  and t h a t  a l l  a l t i t u d e s  a r e  a c c e s s i b l e  some o f  t h e  t ime.  Thus, t h e  
o f t e n - c i t e d  l i m i t a t i o n  o f  atmospher ic o p a c i t y  i s  f a r  outweighed by t h e  proven advan- 
tages o f  t h e  l imb-v iewing  a b s o r p t i o n  spectroscopy method, i t s  i n h e r e n t  accuracy, good 
v e r t i c a l  r e s o l u t i o n ,  and t h e  wide range o f  species t h a t  can be measured. 
Notab le  r e l e v a n t  examples i n c l u d e  
The ATMOS exper iment u t i  1 i zes a M i  che l  son i n t e r f e r o m e t e r  i n t h e  1 imb 
t i  ve 
spec 
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I n  summary, spect roscopic  measurements a r e  r e q u i r e d  t o  d e f i n e  t h e  s p e c t r a l  back- 
ground and prov ide  t h e  d e t a i l e d  s p e c t r a l  i n f o r m a t i o n  t h a t  i s  e s s e n t i a l  f o r  t h e  des ign 
o f  s p e c i e s - s p e c i f i c  systems and t h e  a n a l y s i s  o f  da ta  ob ta ined f rom them. 
f u n c t i o n  o f  spect roscopic  measurements i s  expected t o  be an impor tan t  p a r t  o f  any 
t r o p o s p h e r i c  remote-sensing program, and bo th  emiss ion and a b s o r p t i o n  spectroscopy 
a r e  r e l e v a n t  i n  t h i s  context .  
s p h e r i c  sc ience i n  t h e i r  own r i g h t ,  d u r i n g  t h e  i n i t i a l  phases w h i l e  s p e c i e s - s p e c i f i c  
techniques and inst ruments a r e  under development. 
unreso lved problems i n  t r o p o s p h e r i c  r a d i a t i v e  t r a n s f e r  and spectroscopy (a few 
examples o f  which are  l i n e  m i x i n g  i n  CO2, l i n e  shapes ( e s p e c i a l l y  f o r  H20), and t h e  
behav io r  o f  cont inua)  which p r e s e n t l y  1 i m i  t t h e  accuracy and re1 i a b i  1 i t y  of a1 1 
remote sensing methods. Only through a s u p p o r t i n g  program o f  spec t roscop ic  measure- 
ments can progress be made i n  improv ing our  understanding of these aspects o f  r a d i a -  
t r a n s f e r  and u l t i m a t e l y  reaching t h e  d e s i r e d  conf idence i n  t h e  accuracy o f  
T h i s  
The da ta  f rom such observa t ions  a r e  of va lue  t o  t r o p o -  
I n  a d d i t i o n ,  t h e r e  a r e  a number of 
es-speci  f i c moni t o r i  n g  techniques. 
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TABLE 1V.- PASSIVE REMOTE SENSING CONCEPTS 
Generic sensor types Potential long-term measurement roles Heritage 
Species-specific sensors: Long-term use of proven concepts for selected measurements: 
Optical filter radiometer Nadir view: Profiles of temp., H20 vapor, 
radiometer Burden of ozone, aerosol optical thickness 
Limb view: Upper trop. profiles of aerosols and ozone 
Gas filter radiometer Nadir view: Two-layer measurements of CO, CHq 
Limb view: Upper trop. feasibility TBD 
Fabry-Perot 
f i 1 t er rad iome t e r Nadir view: Limited long-term role 
Limb view: Limited long-term role 
Correlation grating Nadir view: Limited long-term role 
spectrometer 
SSH, HIRS 
TOMS, MSS, AVHRR 
SAM 11, SAGE, LIMS 
MAPS 
HALOE 
CLAES 
COSPEC 
Laser heterodyne 
techniques 
Nadir view: Geosync. orbit Limited role in penetrating 
Limb view: Geosync. orbit large strat. concentrations 
to trop. e.g., 03, HN03 
Spectral survey sensors: Preferred long-term concepts for max. measurement capability: 
Many species and temp. profiles in 3.5- 
to 15-pm spectral ran e with spectral 
resolution of 0.1 cm-' or better 
Grating spectrometer Nadir view: 
Interferometer 
Limb view: 
IHR 
LH S 
SBUV 
SIRS B 
IRIS 
ATMOS 
TABLE V.- COMPARISON OF NADIR-SENSING TECHNIQUES 
Type Advantages Disadvantages Technology needs 
Gas filter radiometry 
I 1  types Low data rate NO detailed Gas filter test cella 
spectra 
Hinimal data Limited temper- Linear, high-dynamic-range 
High through- Test cells Highly uniform optical 
reduction ature profiles detectors 
pat (spectral limited elements 
and angular) Species fixed 
after launch 
~~ ~ ~ 
Broadband spectrometry 
11 types Detailed High data rate On-board smart processing 
spectral data and processing Cryogenicsfcooling 
Survey data Complex 
Vertical dis- calibration 
crimination Complex optical 
train 
Requires long 
stability 
Angle 8C." 
rating Simple Needs line array IO' element arrays 
(with linear mechanism for sensitivity Large gratings 
array) Large area 
gratings 
nterfera- High through- Beckground Witigation of back- 
ground fluctuations 
Lifetime of hltieperture, multi- 
high-scan-rate band interferometer 
reflector 
PU t fluctuations meter 
In-f 1 igh t B 1 ignment 
verification 
Narrow-band spectrometrv 
riser High spectral Limited tuning Tunable lasers and 
heterodyne resolution range heterodyne 
spectroscopy for vertical arrays 
diserimine- 
cion 
mbry-Perot S imp1 ic i t y Limited tuning Improved coatings at 
range long wavelengths 
Temperature 
atability 
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SOLAR fi EM1 SS ION 
OCCULATION 
J 
SOLAR n EM I S S I ON 
REFLECTED/ SCATTERED 
SPECT~OMETRY BROAD 
NARROW 
BAND BAND .1 
OPTi CAL GAS FABRY- LASER G R A ~ I  NG INTER ~EROMETER 
FILTER PEROT HETERODYNE 
}-SPEC I ES SPEC IF IC  --= ~ P E C T R A L ~  
SURVEY 
F i g u r e  1.- Passive remote sensing t r e e  showing gener i c  
techniques,  v iew i  ng geometries, and assoc ia ted  
sources. 
w 4 0  
0 
3 
k 
I- 
-I 
e 20  
0 
0 0 .5  1 .o 
- NADIR 
CO-MAPS 
t 
0 b 0.5 1 .o 
NORMALIZED SIGNAL 
F i g u r e  2.- Comparison o f  l i m b  and n a d i r  viewing. 
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PRELIMINARY A N A L Y S I S  OF JAN 1980 
1.oi- SAGE 1.0 p m  MEASUREMENTS 
D O W N  TO 6 k m  
LATITUDE 
Figure 3 . -  Probab i l i t y  of limb-viewing measurements i n  the troposphere. 
9 
3 
C 
8 
I I , I I I I 826 828 830 832 834 , , 8 
WAVENUMBER (cm-I) 
Figure 4.- So la r  spectra i n  the 825-835 cm-l region, obtained 
during a balloon f l i g h t  on 23 March 1981, from Holloman AFR,  
New Mexico, w i t h  the University of Denver interferometer 
system a t  m 0 . 0 2  cm" resolution. The a l t i t ude  and  solar  
zenith angles are indicated on the spectra. Zero levels 
are offset  for c l a r i t y .  
marked w i t h  an arrow. 
The 829 cm-l F-22 Q-branch i s  
090.00 900.00 9 10.00 920.00 930.00 940.00 000.00 
WAVENUMBER <cm-') 
F igure  5.- Atmospheric emission from t h e  E a r t h ' s  l imb as observed from a 
balloon. Balloon a1 t i t u d e  30 km, viewing angle -3 l/z0. 
900.00 9 I O . 0 0  920.00 930.00 940.00 
WAVENUMBER (cm-'1 
F igure  6.- Earth emission spectra as observed from a 
balloon a t  30 km. 
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F i g u r e  7.- Atmospheric minor  and t r a c e  species d e r i v e d  f rom t h e  ATMOS 
data, separated i n t o  chemical f a m i l i e s  and i n d i c a t i n g  t h e  a l t i t u d e  
regions over  which p r o f i l e s  o f  c o n c e n t r a t i o n  have been r e t r i e v e d .  
F i g u r e  8.- Por t ions  o f  f o u r  spec t ra  i n  t h e  r e g i o n  of 830 t o  870 cm" showing l a r g e  
unresolved spect ra l  fea ture  of Freon 11 i n  t h e  l o w e r  t h r e e  t r a c e s  which were 
made a t  tangent a l t i t u d e s  o f  15, 9, and 5 km. 
22 
